(1) (BHT ) 3,5-di-tert-butyl-4-hydroxytoluene). Cispolybutadiene is formed in nonaqueous solution polymerization. The presence of water decreases activity and polymer molecular weight and increases trans incorporation of butadiene units. In emulsion polymerization, stable polymer dispersions can be obtained with complex 2 and 3, respectively. The microstructure is strongly altered by comparison to nonaqueous polymerization. Trans-polybutadiene is formed with activities of up to 1.5 × 10 3 mol (butadiene) mol (Ni) -1 h -1 . The semicrystalline latex particles have sizes of ca. 200 nm, with a monoclinic structure.
Introduction
Emulsion and suspension polymerization are widely applied on an industrial scale. Water as a continuous phase is beneficial due to its high heat capacity, and its nonflammability and nontoxicity. In addition to these process advantages, polymerization in aqueous emulsion can give access to polymer latices, which are used e.g. in environmentally friendly coatings and paints. 1 Butadiene is an attractive monomer conveniently available from steam cracking. It can be incorporated in different fashions (1,2 or vinylic incorporation, 1,4-cis and 1,4-trans incorporation) which gives access to a wide variety of different polymer microstructures differing in crystallinity and thermal properties. Latices of polybutadiene are accessible via free-radical emulsion polymerization, however the microstructure is difficult to control (a typical microstructure is 14% 1,4-cis; 69% 1,4-trans; and 17% 1,2), and cross-linking and gel formation can occur. 2 Transition-metal catalyzed polymerization can provide access to a broader scope of microstructures. Nonaqueous solution polymerization is employed industrially on a large scale for the preparation of 1,4-cis polybutadiene. 2 An early report describes the use of rhodium salts for the synthesis of 1,4-transpolybutadiene in water or other polar solvents, however the yields are very low and dispersions are not obtained. The nature of the catalyst has remained unclear. 3 Neutral cobalt complexes [Co(C 8 H 13 )(C 4 H 6 )] 4 in combination with CS 2 afford dispersions of syndiotactic 1,2-polybutadiene, using mini-or microemulsion techniques.
5 By ring-opening metathesis polymerization (ROMP) with (neutral) ruthenium alkylidenes as catalyst precursors 1,4-polybutadiene latices can be obtained, however 1,5-cyclooctadiene is required as a monomer. 6 Cationic nickel(II) complexes are well-known to be highly active for the polymerization of butadiene. 7 1,2 incorporation is low (around 5%) and the ratio between cis and trans incorporation depends on the nature of the ligands and counteranions. However, cationic organometallic complexes are generally more prone to undesired reactions with water due to their increased electrophilicity by comparison to their neutral counterparts. Thus, studies of catalytic polymerization in aqueous systems in general have relied on neutral catalysts. 8 We now report on studies of polymerization with cationic Ni(II) complexes in aqueous systems.
Results and Discussion
Complexes. Complex 1 and analogs of 2 with other counterions are known to polymerize butadiene and other dienes with a high activity in organic solvents. 7, 9 For a complex [(η 3 -C 3 H 5 )NiL 2 ] + A -as a catalyst precursor, formation of the polymerization-active species requires that sites for the coordination of monomer are provided by dissociation of L. 7 Complexes 1, 2 and 3, respectively, all contain relatively weakly binding ligands L, a single η 6 -coordinating arene in 1 and two monodentate SbPh 3 ligands in 2 and 3. The noncoordinating BAr F 4
-(Ar F ) 3,5-(CF 3 ) 2 C 6 H 3 ) counterion provides solubility in organic solvents. The Al(OC(CF 3 ) 3 ) 4 -anion has been suggested recently as an alternative to commonly used borate anions.
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Complex 1, with BHT (BHT ) 3,5-di-tert-butyl-4-hydroxytoluene) as a η 6 -ligand, was prepared according to a known procedure. 9 Analogs of complex 2 and 3 with the weakly coordinating counterions PF 6 -and BF 4 -have been reported previously.
11 One of the synthesis procedures reported already suggests some stability of the cation toward water: a solution of the presumably intermediately formed [(η 3 -C 3 H 5 )Ni-(SbPh 3 ) 2 ]X (X -) halide) exchanges its anion with an aqueous NaPF 6 solution. However, the contact to water was minimized as the product [(η 3 -C 3 H 5 The molecular structure of 3 was determined by single crystal X-ray crystallography (Figure 1) . 12 The coordination environment of the Ni(II) center is symmetrical as expected, with Ni-C1 2.0501 (0.0055) Å, Ni-C3 2.0325 (0.0062) Å, and Ni-Sb1 2.4617 (0.0007) Å, Ni-Sb2 2.4599 (0.0007) Å (Sb1-Ni-Sb2 103.23 (0.03)°). The central carbon atom of the allylic moiety was found to be disorderd (Ni-C2a 2.0205 (0.0096) Å and Ni-C2b 2.0099 (0.0154) Å with 60% C2a and 40% C2b). No strong cation-anion interaction is evident from the structure in the solid state.
1 H NMR Studies. NMR studies were carried out in order to survey the reactivity of 1 and 2 toward water. Exposure of 1 to 10 equivalents of water in CD 2 Cl 2 solution at room temperature results in decomposition within minutes, to form a black solid and the free arene. 13 Complex 2 stays intact under identical conditions. The 1 H NMR signals, including those of the characteristic allylic system, remain unaltered. Also macroscopically no change is observed, the solution remains colored intensely red, and no precipitate is formed. Interestingly, the reactivity of 2 toward butadiene is different in the absence and in the presence of traces of water ( Figure 2 ). In both cases, addition of butadiene results in an immediate change of the signals of the SbPh 3 ligand and the disappearance of the allylic signals of 2. Presumably, displacement by the monomer (and/or the unsaturated moieties in the growing polymer chain) occurs. In the absence of water, 2 rapidly polymerizes butadiene to 1,4-cis-polybutadiene, as expected for Ni(II) complexes with weakly coordinating ligands and anions. 7 Polymerization is also observed immediately in the presence of water after the addition of butadiene, but at a lower rate. Strikingly, the polymer formed largely consists of 1,4-trans repeat units, as evidenced by the different shape of the signals of both the methylene and methine protons ( Figure  2 ). Butadiene can coordinate in two different modes forming an anti and a syn-butenylnickel(II) complex (cf. Scheme 1). The cis-trans selectivity depends kinetically on the reactivity of these complexes and thermodynamically on the concentration of both. In general, a higher trans selectivity is accompanied with a decrease in activity. 7 A strongly coordinating ligand can shift the selectivity toward trans. A possible explanation for the preference for trans-incorporation in the presence of water is coordination of water to the active species.
Solution Polymerizations. Polymerization activities observed with 2 and 3 as catalyst precursors in dry solvents (entries 1-4 and 1-7 in Table 1 ) are comparable to activities reported for analogous SbPh 3 complexes with other noncoordinating counterions under similar conditions. 11 The activity of 2 is lower in the presence of added water, and a higher trans incorporation is observed. Polymer analysis revealed that the degree of trans incorporation correlates with the solubility of water in the organic solvent utilized (entries 1-5 and 1-8) (solubility of water in toluene 0.06 wt %, in methylene chloride 1.6 wt % at 30°C).
14 An increase of the polymerization time from the standard 30 min to 4 h in the presence of water (entries 1-5 and 1-6) resulted in a similar conversion and overall catalyst productivity in terms of monomer converted per metal center present in the reaction mixture as in the absence of water (entry 1-4). That is, the polymerization is slower in the presence of water, but the catalyst remains intact at least partially over prolonged time under these conditions.
Under water-free conditions the catalyst formed from complex 1 is somewhat more active than 2, as previously reported (entry 1-1). 9 The polymerization proceeded with a strong exotherm, the temperature rising by 25°C within minutes despite cooling of the reactor. In this case, the observed catalyst activity is limited by the complete consumption of butadiene. The effect of water on the polymerization with 1 is more pronounced than with 2. When water is added to 1 directly before starting of the polymerization (entry 1-2) a limited conversion of butadiene is observed. This is likely due to a decomposition of this catalyst precursor by water, as observed in the aforementioned NMR studies. Accordingly, exposure of 1 to water for 15 min prior to polymerization results in a further lowering of butadiene conversion (entry 1-3).
Suspension Polymerization.
A certain degree of stability of the catalyst toward water is a prerequisite for polymerizations in disperse aqueous systems such as suspension polymerization. This can be realized by a nonaqueous prepolymerization followed by the actual suspension polymerization. 1 or 2 were dissolved in a small amount of a mixture of methylene chloride and toluene, which is a solvent for the complex as well as for the polymer formed in the next step. A small amount of butadiene was added, resulting in polymerization (cf. Table 2 for details). After this prepolymerization in the absence of water, water and further butadiene were added, and the mixture was stirred vigorously. Polymerization continues, with rates and conversions comparable to solution polymerizations in the absence of water ( Table 2 , entries 2-1 and 2-2, vs 1-1, 1-4 and 1-7). The hydrophobic polymer formed in the prepolymerization appears to hinder the access of water to the active species to a certain extent. As in the aforementioned solution polymerizations with added water, a slightly higher trans incorporation is observed by comparison to polymerizations in the absence of water.
Due to the high heat capacity of water, the reaction temperature can be controlled well, also a low viscosity of the reaction mixture can be maintained. When stirring is stopped at the end of the suspension polymerization the highly viscous, liquid polymer phase readily separates from the aqueous phase. For all polymers obtained from the solution and suspension polymerizations a glass transition temperature around -100°C is observed in DSC, as expected for polybutadienes with a high 1,4-cis content.
Emulsion Polymerization with Prepolymerization. Most commonly surfactants, which are physically bound to the polymer particle surface, are employed in emulsion polymerization to colloidally stabilize the polymer particles formed. To probe for any conceivable unfavorable interaction of surfactants with the cationic catalyst, SDS surfactant was added with the aqueous phase under conditions otherwise identical to the aforementioned suspension polymerization with 1 (entry 2-3). Butadiene polymerization proceeded, but the conversion was significantly lower than in the absence of surfactant, despite a longer reaction time. As expected, the polymer is formed as a colloidally instable macroemulsion, which exhibits strong skimming after stopping of the stirrer. A direct interaction of the cationic nickel center and the surfactant anion appears unlikely as the reason for the lower activity. The experiment was repeated with other surfactants including nonionic surfactants (Dowfax, Lutensol, Plantacare), but in all cases the catalyst productivity and monomer conversion was equal to or even lower than with SDS.
To obtain a polymer latex, a high degree of dispersion of the catalyst in the initial polymerization mixture is a prerequisite. 15 This can be realized for the lipophilic catalyst precursors studied by miniemulsification of the solution obtained from prepolymerization in the absence of water. The latter solution was ultrasonicated with an aqueous SDS solution and additional butadiene (entry 2-4). No further butadiene polymerization appears to occur in the emulsion obtained. As a product a stable latex was obtained, however this is a secondary dispersion of the polymer formed during the nonaqueous prepolymerization rather than an emulsion polymer. Creation of a large interface between organic and aqueous phase and the intimate mixing during sonication likely result in catalyst decomposition by water. Emulsion Polymerization without Prepolymerization. In accordance with these considerations, a similar procedure without nonaqueous prepolymerization, namely miniemulsification by ultrasonication of mixture of a solution of 2 in methylene chloride, butadiene, and an aqueous SDS solution resulted in the formation of traces of polymer only. When an analogous procedure was conducted with pentane, in which 2 is completely insoluble, instead of methylene chloride, substantial amounts of polymer were obtained indeed, however in the form of coagulate.
Stable polybutadiene latices could be obtained by fine-tuning the conditions such that the precatalyst is only slightly soluble, and dissolved only to a small part in the initial mixture (Table  3) . Mixing of complex 2 with a small amount of toluene insufficient for complete dissolution of 2 resulted in a dark red solution with a yellow solid. Upon stirring vigorously with excess water the red color remains, indicating the presence of intact complex. This is also the case after miniemulsification, and discoloring only occurs after polymerization upon releasing residual butadiene pressure and exposure to air.
A possible explanation is that the insolubility of the catalyst precursor, which results in a low reactivity, largely prevents decomposition during the miniemulsification step. The active species (cf. Scheme 1) may be more prone toward decomposition by water, particularly during the vigorous mixing conditions of miniemulsification, than 2. Dissolution of the catalyst precursor to the active Ni-polymeryl species occurs relatively slowly and only after the miniemulsification step, in the organic droplets generated. The solubility of the precatalyst needs to be balanced subtly, as complete insolubility results in colloidal instability of the product reaction mixture as outlined. The importance of catalyst solubility is underlined by polymerization experiments conducted with 3. The Al(OC(CF 3 ) 3 ) 4 -anion provides a higher solubility in toluene. Accordingly, polymer yields under identical conditions are significantly lower.
The polymer from all emulsion polymerizations with partly dissolved 2 or 3 is formed as a stable dispersion, only samples with the highest solids content exhibited a very slight skimming. Remarkably, the polymers formed contain 1,4-trans repeat units predominantly ( Table 3 ). The high degree of dispersion present in the emulsion system appears to promote interaction of the catalyst with water to such an extent that the microstructure is entirely altered. A conceivable radical polymerization mechanism appears unlikely as 1,2 incorporation remains much lower (4%) than would be expected for a radical polymerization. 2 Indeed, comparative free-radical emulsion polymerizations of butadiene (e.g., 25 or 50°C; initiator WAKO VA-044 ) 2,2′-azobis [2-(2-imidazolin-2-yl) propane]dihydrochloride; SDS surfactant) and analysis of the polymer formed in our hands afforded a 1,2-content of 21% and 17% respectively (for selected IR spectra see Supporting Information). Catalytic emulsion polymerization also occurred in the presence of 2 equiv of BHT radical inhibitor. The microstructure is unaffected by the presence of BHT (4% 1,2) . As expected, polymerization rate is reduced (ca. 5-fold) as BHT can coordinate to the Ni II center (cf. complex 1).
As stated previously, the turnover frequency for catalytic 1,4-trans polymerization with cationic nickel(II) complexes tends to be much lower than for 1,4-cis polymerization. The system studied is among the most active reported to date for trans polymerization. 7 Number average molecular weights of the polybutadienes obtained are several 10 4 g mol -1 .
The catalyst remains active for at least 30 min (entry 3-2 vs 3-3; and entry 3-7). Overall catalyst productivity and polymer yields were higher (entries 3-4 to 3-7), when the reaction was performed on a larger scale of 300 mL and with a correspondingly increased amount of catalyst and monomer.
Complex 1 was deactivated under similar conditions due to its higher sensitivity to water.
Polymer Properties. The high trans content results in a semicrystalline solid polymer. 1,4-trans polybutadiene is known to exist in a monoclinic form at room temperature and to undergo a crystal to crystal transition at elevated temperature to form a hexagonal form, which subsequently melts. 16 The equilibrium phase transition temperature was calculated to be 83°C for 100% 1,4-trans polybutadiene, and the equilibrium melting temperature to be 164°C. 17 In differential scanning calorimetry (DSC) the polymers from polymerization in emulsion show an endothermic peak ranging between 47 and 49°C which can be associated with the change of the unit cell, and a broader endothermic peak between 70 and 80°C when melting occurs. It is well-known for 1,4-trans polybutadiene, that the phase transition temperature depends not only on the stereoerrors but that there is a strong influence of the thickness of the lamellae. More than one phase transition temperature can be observed if the polymer consists of lamellae of different thickness. It is evident from the first heating trace that the polymer is generated in emulsion in the monoclinic form. However, the endothermic peak is slightly broader than in the second heating which could be assigned to lamellae of different thickness. The melting temperature is lower by comparison to the calculated equilibrium melting temperature of 1,4-transpolybutadiene due to the presence of cis and 1,2-repeat units.
The stable, opaque white polybutadiene latices contain particles of around 200 nm size, as observed by TEM ( Figure  4 ). The particles are not featureless but appear to consist of several staggered layers. This is thought to originate from the crystalline nature of the polymer as 1,4-trans polybutadiene crystallizes in lamellae.
Electron diffraction (ED) analysis of a latex particle affirms the crystalline nature ( Figure 5 ). It has been shown that under the radiation of electron beam during the ED investigation of 1,4-PBD the phase transition from the monoclinic to the hexagonal crystal form occurs. 18 As a consequence usually a coexistence of both ED patterns is observed. In order to delay the phase transition process and minimize the damage of the electron beam to the packing order of the crystal, the sample was cooled down to -64°C using a cryo sample holder and the TEM was directly set to the selected-area electron diffraction mode. Figure 5 shows the ED pattern from a single crystal or some lamellae with the same orientation corresponding to the (001) zone of a monoclinic crystal with the spots from (200), (120) and (040) planes.
Summary and Conclusions
Catalytic polymerizations can be carried out in disperse aqueous systems with cationic Ni(II) complexes. Polybutadienes with number average molecular weights of typically 3 × 10 4 g mol -1 are obtained. A subtle balance of the solubility of the catalyst precursor during the different stages of the polymerization is required in order to obtain colloidally stable polymer dispersions. A predominant insolubility during the dispersing step is believed to prevent decomposition of the catalyst precursor and/or polymerization-active species, subsequent gradual complete dissolution by formation of the polymerizationactive Ni-polymeryl species is thought to occur. By contrast to polymerization in the absence of water, or polymerization in aqueous suspension, in the highly disperse emulsion system incorporation of butadiene occurs in a 1,4-trans fashion predominantly. This is likely due to coordination of water as a ligand in the active species. This provides access to dispersions of semicrystalline polybutadiene with a low vinyl content of ca. 5%.
Experimental Section
General Considerations. All syntheses and the handling of Ni(II) complex solutions were carried out under inert gas atmosphere using standard Schlenk and glovebox techniques. Toluene and diethyl ether were distilled from sodium, methylene chloride from CaH 2 under argon. Pentane was passed through columns with molecular sieves and copper catalyst (BASF R 3-11). Demineralized water was degassed by distillation under a steady flow of nitrogen. 3 (25) toluene 13 11.5 (88) 8.5 × 10 3 35 (3.5) 4/3/93 a Reaction conditions and procedure: 1, 2 or 3, respectively, dissolved in 100 mL of the organic solvent, where applicable addition of approximately 2 mL of water, addition of butadiene, polymerization for 30 min (4 h for entry 1-6) at 25°C.
b Isolated by precipitation with methanol. c Determined by GPC vs PS standards.
d Determined by IR. e Addition of 2 mL of water directly before polymerization. f Addition of 2 mL of water 15 min before polymerization. water/SDS/sonication 0.6 (5) 5.6 × 10 2 n.d. n.d. a Reaction conditions and procedure: 1 or 2, respectively, dissolved in 0.5 mL of methylene chloride and 5 mL of toluene (1 mL of methylene chloride and 20 mL of toluene for entry 3 and 4), prepolymerization at 20°C with small amount of butadiene for 4 min, then addition of 100 mL of water, or 120 mL of water and 0.9 g SDS, respectively, and large amount of butadiene under stirring, 1 min of sonication where applicable (entry 2-4), suspension or emulsion polymerization for 1 h (entries 2-1, 2-2) or 4 h (entries 2-3, 2-4), respectively, at 20°C.
d Determined by IR.
Hexadecane was degassed via several freeze-pump-thaw-cycles. Butadiene 2.5 was purchased form Air Liquide. NMR spectra were obtained with a Varian Unity INOVA 400 or with a Bruker Avance DRX 600 spectrometer, 1 H and 13 C NMR chemical shifts were referred to the solvent signal. DLS was performed on a Malvern instrument with 173°back scattering. DSC was carried out on a Netzsch F1 at a heating/cooling rate of 10 K/min on approximately 5 mg of polymer (T g , T tr , and T m given are from the second heating curves). GPC analyses were performed with a Polymer-Laboratories GPC50 instrument with refractive index detection equipped with two Mixed C columns in THF at 50°C against polystyrene standards. IR spectra of the pure polymer were recorded on a PerkinElmer Spectrum 100 with an ATR sampling accessory; quantitative analyses were calculated according to. 19 TEM was carried out on a Zeiss Libra 120 instrument operated at 120 kV acceleration voltage. Electron diffraction patterns were recorded at -64°C using a Gatan low temperature sample holder. 1 was prepared according to a reported procedure. 9 [{(η 3 -C 3 H 5 )Ni(µ-Cl) 20 were combined. A 10 mL aliquot of cold diethyl ether was added at -60°C, and the dark red solution was stirred for 2 h while slowly warming to room temperature. The solvent was removed under vacuum. The residue was dissolved in 10 mL of dichloromethane, and filtered over a pad of celite. The solvent was removed in vacuum and the residual solid was washed twice with 10 mL of pentane. The product is obtained as a brown powder in 91% yield (1.21 g 3 ) 4 ] were combined. Cold diethyl ether (20 mL) was added at -60°C, and the dark red solution was stirred for 4 h while slowly warming to room temperature. The solvent was removed under vacuum. The residue was dissolved in 10 mL of dichloromethane, and filtered over a pad of celite. The solvent was reduced in vacuum to approximately 3 mL and layered with 30 mL of pentane. The desired complex slowly crystallized overnight at -30°C, the supernatant solvent was removed and the crystals were washed three times with pentane and dried in vacuum. The product is obtained as red to yellow crystals in 80% yield (709 mg X-ray Crystal Structure Determination of 3. The data collection was performed at 100 K on a STOE IPDS-II diffractometer equipped with a graphite-monochromated radiation source (λ ) 0.710 73 Å) and an image plate detection system. A crystal mounted on a fine glass fiber with silicon grease was employed. The selection, integration, and averaging procedure of the measured reflex intensities, the determination of the unit cell dimensions by a least-squares fit of the 2θ values, data reduction, LP correction, and space group determination were performed using the X-Area software package delivered with the diffractometer. A semiempirical reaction conditions and procedure for entries 3-1 to 3-3: 2 dissolved (for entry 3-1)/dispersed (for entry in the organic solvent and 0.2 mL hexadecane, addition of 0.9 g SDS in 120 mL water and butadiene, 2 min ultrasonication, 25°C. Reaction conditions for entries 3-4 to 3-9: 2, respectively 3, dispersed in toluene and 0.6 mL hexadecane, addition of 2.25 g SDS in 300 mL water and butadiene, 2 min US, 25°C. Entry 3-7: further addition of butadiene after 30 min.
b isolated by precipitation with methanol. c determined by GPC vs polystyrene standards. d determined by IR. absorption correction was not performed. The structure was solved by direct methods (SHELXS-97), completed with difference Fourier syntheses, and refined with full-matrix least-squares using SHELXL-97 minimizing w(F o 2 -F c 2 ) 2 . Weighted R factor (wR) and the goodness of fit S are based on F 2 ; the conventional R factor (R) is based on F. All non-hydrogen atoms were refined with anisotropic displacement parameters. All scattering factors and anomalous dispersion factors are provided by the SHELXL-97 program. The hydrogen atom positions were calculated geometrically and were allowed to ride on their parent carbon atoms with fixed isotropic U 11 ) 0.02.
Polymerizations. Polymerizations were carried out in a 500 mL glass pressure reactor equipped with a mechanical stirrer (500 rpm) and with a cooling/heating jacket supplied by a thermostat controlled by a thermocouple dipping into the polymerization mixture. Optionally, the two phase system was homogenized by means of an ultrasound sonotrode mounted in the reactor (operated at 120 W, 2 min).
For solution polymerization complex 1, 2, or 3 was dissolved in the respective solvent or solvent plus water, the solution was cannula transferred into the reactor and butadiene was added.
For suspension polymerization 20 µmol of the respective complex were dissolved in a mixture of 0.5 mL of methylene chloride and 4 mL of toluene, and cannula transferred into the reactor at 20°C. A small fraction of butadiene was added and the prepolymerization was allowed to continue for 4 min under stirring with a magnetic stirring bar. Then water (100 mL) was pumped in under stirring with the mechanical stirrer (500 rpm), and further butadiene was added. The polymerization was allowed to continue for an hour.
For emulsion polymerization SDS was dissolved in water and complex 2 or 3 were separately dissolved/dispersed in the respective organic solvent mixture. The surfactant and the catalyst solution/ dispersion were cannula transferred into the reactor at 20°C. Butadiene was added under stirring (500 rpm) and sonication was immediately applied for 2 min. The temperature was set to 25°C.
All polymerization experiments were stopped by releasing the residual pressure, applying vacuum several times, and exposing to air. For analysis of the bulk properties the polymer solution or latex was poured into methanol containing BHT as a stabilizer. The supernatant solvents were decanted or filtered off, and the polymer was washed with methanol and dried overnight at 50°C under vacuum.
For TEM analysis one drop of the diluted dispersion was deposited on a carbon-coated 400 mesh copper grid and allowed to dry at room temperature.
